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Abstract 
Mobile and cost effective ultrasound devices are being used in point of care scenarios or the drama room. To reduce 
the costs of such devices we already presented the possibilities of consumer devices like the Apple iPad for full 
signal processing of raw data for ultrasound image generation. Using technologies like plane wave imaging to 
generate a full image with only one excitation/reception event the acquisition times and power consumption of 
ultrasound imaging can be reduced for low power mobile devices based on consumer electronics realizing the 
transition from FPGA or ASIC based beamforming into more flexible software beamforming. The massive parallel 
beamforming processing can be done with the Apple framework ”Metal” for advanced graphics and general purpose 
GPU processing for the iOS platform. We were able to integrate the beamforming reconstruction into our mobile 
ultrasound processing application with imaging rates up to 70 Hz on iPad Air 2 hardware. 
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1. Introduction 
The technique known as plane wave imaging is being used as a basis for modern ultrafast ultrasound imaging by 
leveraging the transfer of full channel data of all transducer elements without pre-processing for further software 
based processing. This way the data acquisition for full images can be done at a very high frame rate in the kHz 
range because each excitation/reception event can be used to reconstruct a full image. To obtain an image quality 
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that meets diagnostic standards multiple plane wave measurements at different excitation angles of plane waves are 
combined to reduce artefacts and increase contrast to noise ratio. Furthermore the ultrafast ultrasound imaging is 
offering the possibilities to develop completely new algorithms like shearwave elastography [1], functional 
ultrasound or vector velocity imaging [2]. The beamforming is usually performed in PC software on a GPU utilizing 
massive parallel processing [3] following the transition from hardware based processing into more flexible software 
approaches. As the performance of general-purpose computer hardware increases constantly at a very high rate 
driven mainly by the computer gaming industry the processing power needed for online ultrafast plane wave 
ultrasound imaging is now available even in the consumer market. 
Mobile devices are in the focus of lots of customers also in the ultrasound device market because these can 
extend the use of ultrasound imaging with its real-time capability for diagnostics by making the devices cheaper, 
smaller and more flexible to be used for example in point of care scenarios or in the drama room. We already 
presented the possibilities of consumer devices like the Apple iPad computing the full signal processing of 16 bit 
beamformed raw data for ultrasound image generation in 2011 [4] and since then the processing power of those 
mobile devices increased much. 
The market of mobile ultrasound devices presented lots of tablet sized systems in the last years that are based on 
dedicated fully integrated ultrasound device hardware. Such specialized devices offer more portability than standard 
portable or laptop sized devices but the cost of the hardware is still high compared to typical consumer market prices. 
Furthermore the devices usually lack in image quality for advanced diagnostics. 
We implemented not only the transition from hardware based processing to software based processing in the 
mobile ultrasound devices but also the use of commercially available consumer devices for the full signal 
reconstruction by beamforming and imaging using modern ultrafast ultrasound imaging techniques.  
2. Materials and Methods 
Modern ultrasound devices already use software based beamforming and the newest generations of ultrasound 
research beamformers also rely on this processing for high flexibility in algorithms development and adaption to 
new applications. As one of the available research systems our “DiPhAS” system [5] is able to transmit and record 
large dataset of up to 128 parallel channels without reconstruction using fast interfaces like PCIexpress or Gigabit 
Ethernet at a very high pulse repetition. On the PC the processing is being parallelized and brought to GPUs for 
massive parallel processing using CUDA by nVidia or OpenCL. With the development of the A7 chip for its 
smartphones and tablets Apple introduced a framework named “Metal” not only for development of advanced 
graphics features but also for general purpose GPU processing on the iOS platform. Even if this framework was first 
intended to be used for physics computation of objects in games this technology can be used for medical signal and 
image processing as well. 
Based on the current generation Apple A8X chip used inside the iPad Air 2 we can use the 8 cluster GPU with 
approx. 256 cores [6] for general purpose processing of the beamforming reconstruction. The performance of this 
GPU is comparable to processing rates achieved with chips like Intel HD Graphics 5500 or 
Nvidia GT 650M (384 cores) according to benchmarks. 
The usage of the Metal framework is realized by implementing a beamforming kernel for a Metal „Compute 
Command Encoder” and standard buffer transfer is used without further optimizations like texture memory. The 
parameterization of the beamforming for speed and quality measurements can be done by variation of the number of 
axial reconstructed samples (resulting samplerate), the number of reconstructed lines (defining the lateral resolution) 
and the used speed of sound for reconstruction (see Fig. 1).  
The data acquisition was performed using plane wave excitation without any delays so the wave propagation is 
perpendicular to the linear array aperture. More datasets acquired using different delay angles for the plane wave 
could also be compounded during reconstruction but in this work we first look at the most basic approach with 
single-angle reconstruction. This was performed on ultrasound channel data sets containing data of 128 channels 
digitized at 40 MHz. Reconstruction can be done with a reduced reconstructed sample rate of the ultrasound signal 
to reduce computational load. The resulting sample rate still should suffice the measured signal frequencies 
components. 
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Fig. 1. Mobile processing from channel data (left) to beamformed image data (right) shown in the iPad UI 
3. Results 
We were able to integrate the beamforming reconstruction into our mobile ultrasound processing demonstration 
application on the iOS platform. This way the first step into realizing a mobile software based ultrasound system 
was made. The beamforming computation time is linear dependent on the total number of samples to be 
reconstructed for each slice. The imaging rate (see Figure 2, left) can be configured up to 86 beamformed slices per 
second while maintaining reasonable quality using 128 lateral reconstructed lines with 768 reconstructed samples 
per line.  
 
     
Fig 2. Performance of beamforming: computational speed (left), image quality in relation to computational speed (right) illustrating different 
lateral line count with constant axial 1024 samples (top right row) and different axial sample count at constant 256 line count  (bottom right row) 
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The image quality decreases when reconstructing only 64 lateral lines but the reduction of the number of 
reconstructed axial samples is less significant (see Figure 2, right). The best tradeoff between image quality and 
imaging rate is using 256 lateral lines with 1024 reconstructed samples each. To demonstrate the real time capability 
of the beamforming reconstruction the assumed speed of sound of the tissue used during reconstruction can be 
adjusted using a slider and the result of the adapted beamforming is shown in real time. 
For further performance tests of computational speed (maximum refresh rate) and image quality beamforming 
will also be computed on reduced data sets with data from 64 channels and 32 simulating less receive channels. 
Using software based processing for mobile ultrasound devices can result in faster development cycles because 
software development is usually faster and more flexible than hardware development. By transferring the processing 
load into the consumer electronics the need for powerful and costly FPGA or ASIC resources is reduced and so the 
total ultrasound electronics costs can be reduced. With the short release cycles of modern mobile consumer 
electronics every generation of mobile consumer electronic device will be less expensive or more powerful and the 
application can directly benefit from this gain in performance. 
4. Next Steps 
The usage of plane wave imaging not only reduces the acquisition times for a whole image based on the single 
unfocussed plane wave transmission and parallel channel data reception compared to hundreds of focussed 
measurements per image. The power consumption is also reduced by only using one transmit and receive event so 
that this approach is suitable for a low power mobile ultrasound electronics devices. But the use of Wifi technology 
to transfer the data and the increased power consumption on the consumer device side has to be investigated in the 
next steps. 
To increase the image quality and especially the contrast to noise ratio multiple scans at different plane wave 
excitation angles will be compounded in the future.  
We plan to realize a high quality imaging system with Wifi transfer of measurement data to commercially 
available tablets or smartphones with software beamforming and implement direct control of a beamformer using 
the App before we focus on the development of a smaller beamformer with less power consumption and reduced 
channel count. The increasing performance of the multicore architectures of the mobile processors (CPU and GPU) 
will offer additional computational power (approx. 2x performance every 2 years) at fairly no development cost by 
just replacing the previous generation units. The availability of high-speed gigabit wireless network connections like 
802.11ac for device integration offers lots of performance and the spread of new even faster standards can also be 
used in future hardware designs. 
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